Effective vaccine design relies on accurate knowledge of protection against a pathogen, so as to be able to induce relevant and effective protective responses against it. An ideal Human Immunodeficiency virus (HIV) vaccine should induce humoral as well as cellular immune responses to prevent initial infection of host cells or limit early events of viral dissemination. A Phase I HIV-1 prophylactic vaccine trial sponsored by the International AIDS Vaccine Initiative (IAVI) was conducted in India in 2009.The trial tested a HIV-1 subtype C vaccine in a primeboost regimen, comprising of a DNA prime (ADVAX) and Modified Vaccine Ankara (MVA) (TBC-M4) boost. The trial reported that the vaccine regimen was safe, well tolerated, and resulted in enhancement of HIV-specific immune responses. However, preliminary immunological studies were limited to vaccine-induced IFN-γ responses against the Env and Gag peptides. The present study is a retrospective study to characterize in detail the nature of the vaccineinduced cell mediated immune responses among volunteers, using Peripheral Blood Mononuclear Cells (PBMC) that were archived during the trial. ELISpot was used to measure IFN-γ responses and polyfunctional T cells were analyzed by intracellular multicolor flow cytometry. It was observed that DNA priming and MVA boosting induced Env and Gag specific bi-functional and multi-functional CD4 + and CD8 + T cells expressing IFN-γ, TNF-α and IL-2. The heterologous prime-boost regimen appeared to be slightly superior to the homologous prime-boost regimen in inducing favorable cell mediated immune responses. These results suggest that an indepth analysis of vaccine-induced cellular immune response can aid in the identification of correlates of an effective immunogenic response, and inform future design of HIV vaccines.
Introduction
HIV vaccine research aims to prevent infection or reduce viral load and thereby slow down disease progression [1] . Lack of natural protective immunity against HIV is the main hindrance to the development of a protective vaccine. This suggests that an effective candidate vaccine that elicits immune responses that are superior to the natural immune response will be required to protect against HIV infection [2] . Other challenges include the high degree of viral genetic variation, lack of ideal animal models, and functional limitations in performing large-scale clinical trials [3] [4] . Some DNA constructs have been demonstrated to be effective in moderately reducing the viral load in macaques infected with Simian Immunodeficiency Virus (SIV) or Simian/ Human Immunodeficiency Virus (SHIV) [5] . Vector-based heterologous immunizations have been instrumental in elevating the breadth and magnitude of vaccine specific immune responses, through initial priming and successive boosting with similar DNA constructs [6] . Researchers believe that there is an urgent need for vaccine candidates that can constitutively induce broadly neutralizing antibodies and a strong cell-mediated response. Hence, the new approach on vaccine development focuses on a prime-boost strategy with a DNA or vector vaccine to elicit cytotoxic T cells that destroy infected cells followed by a subunit vaccine to induce neutralizing antibodies. These heterologous immunizations are useful in stimulating the complementary entities of the immune system to synergistically act against the immunogen [7] .
Antigen-specific T cell responses against intracellular pathogens have been commonly characterized based on IFN-γ production [8] . Besides IFN-γ, antigen-specific T cells have also been reported to produce other cytokines like tumor necrosis factor-α (TNF-α) and interleukin-2 (IL-2) following infection and/or vaccination. Induction of polyfunctional and bi-functional memory cells and neutralizing antibodies are desirable vaccine-induced responses [9] . Longterm T cell-mediated protection requires the induction of memory cells to protect against future pathogen challenge. The magnitude of the CD4 + or CD8 + T cell cytokine response can be worked out effectively by enumerating T cells co-producing IFN-γ, IL-2 and TNF-α, and may be considered a better correlate of vaccine-induced protection as compared to IFN-γ alone [10] . CD4 + T cells are critical for the induction and maintenance of CD8 + T cell and B cell responses.
The main contribution of CD4 + T cells is in the generation and differentiation of CD8 + cytotoxic T cell responses (CTL) required for controlling viral replication [10, 11] , and in the mobilization of CTLs to peripheral sites of infection [12] . HIV-infected individuals with good numbers of antigen-specific CD8 + T cells that simultaneously produce multiple cytokines have been shown to have lower viral loads as compared to individuals producing fewer cytokines [13] [14] [15] [16] . A positive correlation was observed between slow disease progression and polyfunctionality of HIVspecific CD8 + T-cells that were selectively characterized in terms of degranulation, production of cytokines (IFN-γ, TNF-α, and IL-2) and chemokine's (MIP-1β).This suggests that functionally variable antigen-specific CD8 + T-cell responses help in protecting against HIV disease progression [17] . Similarly, polyfunctional vaccine-specific CD4 + T cells have also been assessed in HIV vaccinated individuals, and found that in addition to IFN-γ, vaccination also induced TNF-α, MIP-1β and IL-2 secretion [18] . CD4 + T cells promote B cell differentiation into plasma cells to produce neutralizing antibodies and assist memory B cells during re-infection. Thus, CD4
+ T cells play a central role in memory T and B cell development [19] . HIV vaccines based on plasmid DNA and/or live recombinant virus vectors have been shown to predominantly elicit T cell responses that can control virus replication and delay or prevent CD4 + T cell decrease. A recent study in non-human primates showed that macaques vaccinated with a CMV vector expressing the full SIVMAC239 genome elicited robust T Effector Memory (T EM ) responses, and that animals with polyfunctional T EM cells were less likely to become infected following low dose challenge [20] . Similar T cell responses against A phase I/II randomized placebo-controlled trial in Tanzania, that tested a HIV-1 DNA prime and HIV-1 MVA boost reported that broader cell-mediated immune responses were observed against the Env after vaccination [24] . Another study that tested the administration of 3 doses of the Geovax MVA/HIV62, vaccine, demonstrated induction of T cell responses with IFN-γ or IL-2 production as assessed by ICS with a strong preference for Gag reactivity. On the other hand, antibody response rates were lower even after two HIV DNA prime immunizations and two MVA/HIV62 boosts [25] .
The safety and immunogenicity of a heterologous regimen involving two vector-based HIV-1 subtype C vaccines, ADVAX as DNA prime and MVA TBC-M4 as boost, were evaluated in a phase-I trial in London. The trial revealed that stronger vaccinia-specific cellular responses were elicited in vaccinees immunized with the heterologous regimen as compared to those immunized only with TBC-M4 (homologous regimen). The study concluded that although the ADVAX-prime MVA-boost heterologous regimen resulted in an effective HIVspecific cellular response, it was unsuccessful in subsequently eliciting a competent humoral response [26] . A similar phase I trial conducted in India with the same vaccine constructs revealed that the homologous regimen elicited stronger humoral responses as compared to the heterologous regimen, whereas both regimens elicited similar IFN-γ responses in the volunteers [27] . However, earlier studies did not evaluate the induction and distribution of polyfunctional vaccine specific T cells and other memory subsets. The current study describes the detailed characterization of HIV-specific cellular responses elicited by the heterologous and homologous vaccine regimens with ADVAX and or TBC-M4, utilizing archived PBMC samples of the trial participants that were stored during the conduct of the trial at one of the Indian trial sites, the National Institute for Research in Tuberculosis (NIRT) [27] .
Materials and methods

Study samples
As stated above, the trial was conducted at two sites (NIRT, Chennai and NARI, Pune) and enrolled 16 HIV-uninfected healthy volunteers from April 2009 to December 2010 at each study site [27] . The 16 volunteers enrolled at NIRT (9 males and 7 females) were randomly assigned to either group A or B, with eight participants in each group. Group A participants received two intramuscular (I.M.) injections of ADVAX or placebo in the upper arm at baseline (time '0') and 1 month, followed by two I.M. injections of TBC-M4 or placebo at months 3 and 6. Group B participants received three I.M. injections of TBC-M4 or placebo at time 0, months 1 and 6. Among the 8 volunteers in each group, 6 received the vaccine and 2 received placebo (Fig 1) and all the analysis reported in this study was performed on Cryopreserved peripheral blood mononuclear cells (PBMCs) during the period 2015-2016.
Candidate vaccines
ADVAX is a DNA-based HIV-vaccine formulated by the Aaron Diamond AIDS Research Center (ADARC), New York, USA, and manufactured by Vical Inc., San Diego, CA, USA (Lot# 04030248), utilizing the structural features of the commercial plasmid backbone, pVAX1 [28] . The vaccine contained two plasmid constructs mixed in a 1:1 ratio of one plasmid cloned with the coding sequences of gag and env genes of the Chinese HIV-1 clade-B/C strain and the other cloned with the coding sequences of nef/tat and pol. The candidate vaccine was suspended in sterile phosphate-buffered saline with 0.01 M sodium phosphate and 150 mM sodium chloride, and was formulated to contain 4 mg of the HIV-peptides in a total volume of 1 mL.
TBC-M4 is another DNA-based HIV-vaccine manufactured by Therion Biologics Corporation, Cambridge, MA, USA (Lot# 1B), It is a recombinant Modified Vaccinia Ankara (MVA) virus containing the coding sequences of gag, env, reverse transcriptase (RT), tat, rev and nef of the Indian HIV-1 clade C strain. The candidate vaccine was suspended in phosphate buffered saline with 10% glycerol so as to contain 5x10 6 PFU in a total inject volume of 0.5 mL.
The amino acid sequence homology between the two vectors was found to be greater than 85% for most of the proteins (env: 87.1%; gag: 95%; pol/RT: 96.4%). 
Ethics statement
Peptides
Peptides were synthesized at~90% purity using high pressure liquid chromatography (HPLC) in the form of 15-mers with 11 overlapping amino acids. Nearly 8 peptide pools were used for the in vitro studies corresponding to Env (3 pools), Pol (3 pools) Nef-Tat (2 pool) and Gag (2 pool) (S2 Table) . Cellular responses elicited by the HIV-peptides were evaluated at baseline and post MVA-boost in both groups. DMSO was used as mock-stimulus and 10 μg/ml of phytohemagglutinin (PHA) was used as the positive control. 
IFN-γ ELISPOT assay
Intracellular cytokine staining (ICS) and polychromatic flow cytometry (PFC)
The quantity and functionality of antigen-experienced T cells were assessed by flow-cytometry in terms of the nature and frequency of different cytokines they produced. PBMC collected at 2 weeks post first and last MVA, along with the corresponding baseline samples were analyzed for surface-antigen and cytokine-secretion adopting the standardized ICS assay in conjunction with polychromatic flow cytometry analysis as described previously [32] . (Production of three cytokines IFN-γ, TNF-α and IL-2 were examined. ICS assay was performed by stimulating PBMCs with a set of 554 HIV-1 peptides (S3 Table) (15-mers overlapping by 11 amino acids) grouped in to three pools: Env (202 peptides), Gag (119 peptides), and Pol (233 peptides).
Staphylococcus Entero Toxin B was used as positive control and mock cultures (DMSO) was used as the negative control.)Briefly, cryopreserved PBMC were thawed and washed twice with 10% Complete RPMI and rested overnight. Viability of the cells was evaluated using trypan blue dye exclusion method. For each stimulation, 1 x 10 6 PBMC were added to the corresponding tubes followed by costimulatory CD28/49d antibody at a concentration of 1 μg/mL. Env, Gag, Pol peptide (15-mers overlapping by 11 amino acids) pools at 1.5 μg/ml, 1 μg/mL staphylococcal enterotoxin B (SEB) (Sigma-Aldrich, India) as positive control or DMSO as mock. Brefeldin A (Sigma-Aldrich, India) was added at 5 μL/stimulation. Tubes were incubated in a 37˚C humidified CO 2 incubator for 6 hours. Stimulated cells were washed with 2 mL of Stain buffer (BectonDickinson). Aqua Amine Reactive Viability Dye (L34962) (Invitrogen, India) was added and incubated for 20 minutes at room temperature in the dark. After washing, anti-CD3 APCH7
, and anti-CCR7 PECY7(3D12) (Becton-Dickinson) were added, and stained intracellularly with IFN-γ APC B27 (Becton-Dickinson), IL2 PE MQ1-17HI2 (Becton-Dickinson) and TNF-α FITC (Mab11) along with BD Fixation/Permeabilization buffer (Becton-Dickinson) (S1 Table) for 20 minutes at room temperature. Cells were washed with perm/wash (Becton-Dickinson) and fixed with BD Fixation/Permeabilization buffer. A minimum of 500,000 events were acquired on a custom-built BD FACS Aria Sorp flow cytometer. The results were analyzed using FlowJo software v 10.5 (Tree star Inc., Ashland, Oregon, USA).
Statistical analysis
Statistical analyses were performed using GraphPad Prism, version 5 (GraphPad Software, Inc., CA).Data were verified; normality was assessed and found to be non-normal distributed using Shapiro-Wilks test. Summary statistics are presented as percentage, median, and range. Mann-Whitney test was performed to compare vaccine induced cytokine responses against the peptide pools between the two groups. For all analyses, differences were considered significant if p value was <0.05.
Results
Induction of HIV-specific IFN-γ response
IFN-γ ELISpot assay was used to initially assess antigen-specific cellular responses at various time points. In Group A, ELISpot responses were assessed at the following time points: prevaccination, 2 weeks after first DNA vaccination, at second vaccination (1 st MVA), 1 week after second vaccination, at last vaccination, and 1 week after the last MVA boost. In Group B, ELISpot responses were assessed at the following time points: prevaccination, 2 weeks after first MVA vaccination, at second MVA vaccination, 1 week after second MVA vaccination, and 1 week after last MVA vaccination. The responses were tested against HIV-1 Env peptides (3 pools), Pol peptides (3 pools), Gag peptides (2 pools) and Nef-Tat peptides (2 pools). A total of 96 frozen PBMC samples were tested using this method. The viability of the PBMC always exceeded 85-90%, and all samples were tested following overnight resting at 37˚C post-thawing. All samples passed the PHA positive control criteria for quality control. IFN-γ ELISpot responses to up to three peptide pools were commonly observed in both the groups at multiple time points indicating that a good HIV-specific IFN-γ response was elicited early and persisted over time in the vaccine recipients.
The magnitude of the ELISpot response for the mock and PHA control for the 96 specimens were on an average 10 and 734 Spot Forming Cells (SFC)/million PBMC, with standard deviations (SD) of 9, and 195 SFC/million PBMC, respectively. IFN-γ ELISpot response to any of the peptide pools was detected in 5 of the 6 vaccinees (83%) in Group A; 6/6 vaccinees (100%) responded to Env, 4/6 vaccinees (66%) responded to Gag, 4/6 vaccinees (66%) responded to Pol and 2/6 vaccinees (33%) responded to Nef-Tat peptide pools after the MVA boost. In group B, IFN-γ ELISpot responses to any of the peptide pools was detected in 3/6 vacinees (50%); 3/6 vaccinees (50%) responded to Env, 2/6 vaccinees (35%) responded to Gag, 2/6 vaccinees (35%) responded to Pol and 1/6 vaccinees (16%) responded to Nef-Tat peptide pools.
At the time of last vaccination and 2 weeks post last vaccination, IFN-γ ELISpot responses to all three Env peptide pools (Env -1, Env 2 and Env -3), two Gag pool (Gag-1 and Gag-2) and three Pol pools (Pol-1, Pol-2 and Pol-3) were found to be significantly higher in Group A than in Group B (Last vaccination-Env -1: p = 0.055, Env -2:p = 0.010,Env -3:p = 0.004, Gag-1: p = 0.007,Gag-2:p = 0.054, Pol-1:p = 0.004, Pol-2:p = 0.055,Pol-3:p = 0.005 and 2 weeks post last vaccination-Env -1: p = 0.010, Env -2:p = 0.016, Env -3:p = 0.006,Gag-1:p = 0.010, Pol-1: p = 0.020, Pol-2:p = 0.007,Pol-3:p = 0.037). At last vaccination, 5/6 volunteers in Group A and 2/6 volunteers in Group B responded to the Env peptides; 4/6 volunteers in Group A and 2/6 in Group B responded to Gag peptide, and 4/6 (66%) volunteers in group A and 2/6 (33%) in Group B responded to the Pol peptides ( Table 1) .
The IFN-γ response in Group A was significantly higher than in Group B at all time points, suggesting that DNA vaccination primed the immune system for a long-term cell mediated immune response.
Intracellular cytokine production
Poly Chromatic Flowcytometry was employed to characterize the T cell phenotypes and polyfunctionality prior to vaccination as well as at two weeks post second and final booster in Groups A and B. The gating strategy employed is shown in S1 Fig.
In Group A, the ELISpot response to Env peptides was significantly higher than for Gag and Pol. However, in Group B, the magnitude of the response was overall lower and there was no apparent hierarchy in response to Env, Gag and Pol peptides (Fig 2) . The response to NefTat peptides was very minimal in both the groups. None of the volunteers who received placebo responded to any of the HIV-1 peptides.
The mean values of the total responses obtained for each T cell subset shown in Figs 3 and 4. The magnitude of the total vaccine specific response was similar in both the groups at the two time points investigated. Among the cytokine-producing CD8 + T cells, IFN-γ and IL-2 production was more predominant than TNF-α in both the groups. On the other hand, TNF-α and IL-2 production was higher in the CD4 + T cells. Cumulative analysis of the data demonstrated that vaccine induced T cell responses were balanced and significantly higher in the vaccine recipients as compared to the placebo group (Figs 3 and 4 and Table 2 ). Most of the T cells were of the central memory or effector phenotype (S1 Fig). The frequency of both CD4 + and CD8 + T cells producing the indicated cytokine increased post-vaccination; the responses were predominantly directed to Env and Gag peptides in both the groups. Vaccine-specific CD8 + T cell responses were much higher than CD4 + T cell responses in terms of multi-functionality. MVA booster response was significantly higher in CD8 + T cells in Group A than in Group B ( Table 2 ).
All samples that had a higher-magnitude of response at 2 weeks post vaccination were found to belong to Group A. The responses were predominantly seen in CD8 + T cells cytokine to Env and Gag peptides. Similarly, bi-functional IFN-γ+ TNF-α+ or IFN-γ+ IL2+ or IL2 +TNF-α+ and mono functional IFN-γ+ or TNF-α+ or IL-2+ cells, were significantly higher in vaccinees who received the heterologous regimen than in those who received the homologous regimen. However, the frequency of polyfunctional CD8+ T cells expressing IFN-γ+ TNF-α + and IL-2+ were significantly higher in Group B than in those received homologous vaccination (Figs 5 and 6 and Tables 3 and 4 and S4); however, the frequency of poly functional T cells were found to be very small.
The mean values of the total response to Env, Gag, and Pol peptides in each T cell population are shown in Figs 5 and 6. The CD4 + T cell response was essentially directed against the Env and Gag peptide pools, whereas the CD8 + T cell response was evenly distributed between the Env, Gag and Pol peptides (Tables 3 and 4) . Significantly higher CD8 + T cells responses were seen in vaccinees at all-time points (S4 Table) .
Discussion
Understanding the induction of long-lived HIV-specific immune responses is critical for evaluating the efficacy of a vaccine candidate. Memory T cell response is associated with protection and is therefore a critical component of vaccines that induce protective immune responses [33] . Different patterns of immune response mediated by CD4+ and CD8+ T cells are induced chronic viral infections [35] [36] [37] . The recognition of viral epitopes by CD8 + T cells is of great importance, and much effort has gone into the identification and design of specific peptide epitopes that can induce a potent antiviral T cell response [38] . DNA vaccines in combination with other vector-based vaccines are thought to hold the future prospects of vaccination [39] . DNA vaccines are known to act better as prime rather than boost when combined with other modalities, and the nature of the immune response generated by DNA vaccination is determined by the nature of the boost [40] . A CD4 + T cell biased response that provides T cell help for an antibody response is observed when proteins are used as the boost, while a predominant CD8 + T cell response is generated when viral vectors are employed for boosting [41] . HIV DNA vaccines are usually poor immunogens when used alone in humans but are capable of efficiently priming immune responses when used in prime boost regimens with live recombinant HIV vaccine [37] . Many of the recent HIV vaccine trials have employed the heterologous prime boost approach, that usually employs HIV DNA plasmids or recombinant Env glycoproteins in combination with a non-replicating viral vector based vaccine. HIV vaccines based on plasmid DNA and/or live recombinant virus vectors mainly stimulate cellular immune responses. T cell vaccines are usually not expected to prevent acquisition of infection, but prevent development of disease by reducing the viral load [42] . New approaches that elicit protective immunity by manipulating the T cell repertoire may be particularly useful for designing a successful therapeutic HIV vaccine. Interestingly, the preliminary studies on the P001 Phase I HIV-1 vaccine trial that tested the safety and immunogenicity of heterologous prime-boost immunization regimen with DNA prime (ADVAX) and MVA (TBC-M4) boost, and a homologous prime and boost regimen with MVA alone, revealed that vaccination resulted in enhancement of antibody and IFN-γ responses [27] . The study further reported that although the response appeared to be significantly higher in the DNA prime/MVA boost group following first MVA boost, the effect lasted only for a short time, implying that both the DNA/MVA heterologous prime-boost and the homologous MVA regimens were immunologically comparable [27] . The present study describes a detailed evaluation of the vaccine-induced cell mediated immune responses in archived PBMC using multicolor flow cytometry.
We first evaluated vaccine-induced IFN-γ production using the ELISpot assay and found that vaccination induced significantly higher IFN-γ responses, particularly in response to Env and Gag antigens, clearly indicating that vaccination resulted in successful priming of the immune system. Subsequently we published another report describing in detail the humoral immune responses induced by this vaccine [43] . The magnitude of the IFN-γ response was found to be higher in volunteers who received the heterologous regimen, as compared to those who received the homologous regimen. After the last vaccination, the magnitude of the IFN-γ response to Env was observed to be greater than for Gag or Pol in Group A. In Group B the magnitude of the response was lower and there was no apparent hierarchy of responses to Env, Gag or Pol. There was a very limited response to the Nef-Tat pool in both groups and the response was sporadic. Similar findings were reported from the UK trial that tested the same vaccine constructs [26] .
We then investigated mono functional and multi-functional T cell responses using polychromatic flowcytometry, since CD8 + T cell responses with a robust multi-functional component have been strongly linked to better disease outcome. Further we examined, the relationship between the T central memory (T CM ) response and polyfunctionality, since polyfunctional CD8 + T cells that express the highest levels of IFN-γ are typically of the effector and effector memory (T EM ) phenotype [44] [45] [46] . The majority of epitope mapping studies in immunogenicity have primarily used the IFN-γ ELISpot assay, which does not always correlate with control of viral replication or disease progression. T CM responses, on the other hand, are thought to be more important for controlling HIV infection [47] [48] [49] . In the present study, we observed that all cytokine producing cells were memory T cells of either central memory or effector phenotype. These findings highlight the importance of developing a vaccine that can specifically induce polyfunctional T EM or T CM responses. Earlier studies have reported that T cell responses were predominantly seen against Env and Gag peptides [26] [27] 50] , and that Env and Gag-specific responses had an inverse relationship with viral replication [51, 52] . In natural HIV infection, Env-specific CD8 + T cell responses have been shown to be associated with poor control of viral replication as compared to Gag-specific responses [53] . Nonhuman primates immunized with DNA plus Ad5 expressing SIV Env and Gag were found to be better protected against SIV challenge as compared to animals immunized with vaccines expressing only Gag [54] . These results suggest that generation of Env-specific responses might play an important role in early HIV infection, and show that a prime boost vaccination strategy elicits better cellular immune responses, predominantly against the Env and Gag antigens. GAG 0/6 (0%) 0/6 (0%) 6/6 (100%) 6/6 (100%) 6/6 (100%) 6/6 (100%) POL 1/6 (17%) 2/6 (33%) 6/6 100%) 6/6 (100%) 6/6 (100%) 6/6 (100%) GROUP B ENV 2/6 (33%) 3/6 (50%) 3/6 (50%) 3/6 (50%) 6/6 (100%) 6/6 (100%) GAG 0/6 (0%) 2/6 (33%) 2/6 (33%) 5/6 (83%) 6/6 (100%) 6/6 (100%) POL 1/6 (17%) 2/6 (33%) 0/6 (0%) 5/6 (83%) 6/6 (100%) 5/6 (83%)
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Cellular immune responses elicited by a HIV-1 subtype C vaccine Memory T cell development and proliferation is associated with protective immunity. Hence, induction of memory T cells with high proliferative potential should be an important goal for vaccine development [55] [56] [57] . Local recruitment of cytolytic CD8 + T cells to the site of infection is critical for the elimination of infected cells and analysis of virus specific CD8 + T cells may provide critical information for the design of novel immunotherapies targeting HIVinfected CD4 + T cells [58] [59] [60] . Activation of naïve CD8 + T cells and their effective responses requires the clonal expansion and development of effector cells targeting the peptides of virally infected cells. This leads to the clearance of infected cells by cytokines and other immunologically active proteins such as perforins, granzymes, and chemokines such as MIP-1α/β and RANTES [61] . Significant polyfunctional T cell responses have been reported in HIV-1 infected long term non progressors (LTNP) [62] , as well as in those vaccinated with Hepatitis B vaccine, HIV vaccine [63, 64] , and vaccinia [65] . Studies have also shown that the frequency of HIV-specific polyfunctional T cells correlated inversely with viral load in progressors, clearly indicating a role for polyfunctional T cells in mediating protection [66] . Subsequent studies have shown that maintenance of highly functional CD4 + T cells co-producing IFN-γ, IL-2 and TNF-α in response to HIV-1 Gag, are necessary for suppression of viremia [67] . Studies that have looked at bi-functional T cells have also demonstrated correlation with protection against disease progression. A more recent study reported that chronically infected HIV-1 positive individuals on long-term antiretroviral therapy in combination with an HIV-1 virion-based therapeutic vaccine showed sustained augmentation of Gag/Pol-specific memory CTLs co-expressing IFN-γ and IL-2 that is generally associated with an effective immune response [68] . Similarly, HIV-1 Gag-specific CD4 + T cells secreting IFN-γ and IL-2 have been shown to correlate with protection in LTNP and elite controller phenotypes (EC) [69] . Studies have also demonstrated that HIV-2-infected individuals produce more functionally superior HIV-specific T cell responses characterized by highly polyfunctional HIV-specific CD4 + and CD8 + T cells [70] . Hence, multi-functional T cells constitute an important immune correlate of HIV vaccine efficacy. Majority of the vaccine-induced polyfunctional, bi-functional, and mono functional CD8 + T cells were found be Env-specific. Group B volunteers had significantly more polyfunctional T cells than Group A volunteers (S4 Table) Table) was more predominant in group B than in group A. There was a significant increase in Env-specific CD4 + T cells expressing TNF-α or IL-2 or We observed maximum induction of T cell immune responses at week 2 post final vaccination. The vaccine-specific cytokine response was significantly higher in Group A as compared to Group B, indicating that cell mediated immune responses were enhanced significantly by the DNA prime followed by the MVA boost. The difference in the number of doses of vaccine (4 for group A vs 3 for group B) could be one of the reasons for the observed difference between the groups. In contrast, certain other therapeutic HIV vaccine trials reported induction of polyfunctional CD4 + T cell response [71] and poly functional CD4 + and CD8 + T cell response in volunteers who received a replication-defective HIV-1 vaccine (HIVAX) [72] . The current study showed that the CD4 + and CD8 + T cell responses were largely specific to Env antigens, followed by Gag and few for Pol and Nef-Tat. Although cell mediated immune responses were not preferentially expanded in Group B participants, we reported in an earlier study that vaccination resulted in a strong induction of antibodies targeting the variable regions of HIV-1gp120, which correlated positively with induction of long-lasting plasma B cells and T Follicular Helper cells in volunteers who received only MVA [43] . Interesting observations of HIV-specific antibodies targeting the rgp41 Env, rgp140 Env, p24 Gag, and rgp120 Env were also made in the P002 trial conducted at UK with the same vaccine constructs [26] . This suggests that priming and boosting with the MVA vaccine can induce both cellular and humoral immune response. However, the very small sample size is a major limitation of the present study, which limits the power of the analytical comparison between the two groups To summarize, the findings of the present study clearly demonstrate that priming and MVA boosting strategies effectively generate long-lived memory cells and induce activation of vaccine-induced anti-HIV-1 effector cells, thus encouraging us to propose that a subsequent trial in a larger population should be undertaken to provide further evidence to support the efficacy of the vaccine candidate and the vaccination strategy employed in this trial.
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